The preservation of chemical disequilibrium in metamorphic rocks, as exemplified by element zonation in garnets or by isotopic variations between coexisting phases, carries information about the rates of physical processes during metamorphism. Interpretation of such features becomes more difficult in polymetamorphic orogens. High-resolution garnet chronometry suggests that metamorphic assemblages now exposed in the High Himalayan Crystalline Series may be largely pre-Tertiary, but Miocene thermal events are recorded by associated anatectic granite melts and by the sillimanite-grade overprint observed in migmatitic gneisses. The degree of chemical equilibrium between melt and restite is therefore a function of the Miocene thermal event and hence reflects the rates of prograde metamorphism and melt extraction during Himalayan tectonics.
The preservation of chemical disequilibrium in metamorphic rocks, as exemplified by element zonation in garnets or by isotopic variations between coexisting phases, carries information about the rates of physical processes during metamorphism. Interpretation of such features becomes more difficult in polymetamorphic orogens. High-resolution garnet chronometry suggests that metamorphic assemblages now exposed in the High Himalayan Crystalline Series may be largely pre-Tertiary, but Miocene thermal events are recorded by associated anatectic granite melts and by the sillimanite-grade overprint observed in migmatitic gneisses. The degree of chemical equilibrium between melt and restite is therefore a function of the Miocene thermal event and hence reflects the rates of prograde metamorphism and melt extraction during Himalayan tectonics.
The strontium-isotope ratios of igneous rocks are frequently used to finger-print their source region, an approach underpined by the assumption that melts inherit the same isotopic ratio as their sources at the time of their formation. If isotopic disequilibrium prevails during melt extraction this assumption is clearly invalid. However the degree of disequilibrium potentially provides important constraints on the combined prograde heating and melt extraction rates. In general disequilibrium will be preserved when the time required for equilibrium to be attained is greater than the time during which the system is open to diffusion between coexisting phases. Where Sr-isotope disequilibrium is observed the duration of the equilibration period may be calculated using Sr tracer diffusion coefficients. The extent of disequilibrium preserved is also dependant, to varying degrees, upon the following parameters; (i) the time elapsed since isotopic homogenisation of the protolith prior to the most recent prograde event; (ii) the proportion of total Sr that resides in mica; (iii) the composition of plagioclase in the protolith; (iv) the stoichiometry of the melt reaction; (v) the grainsize of the source rock.
For a pelitic migmatite the equilibration period for Sr is the time during which the rock is above the 'closure' temperature for Sr exchange between mica and plagioclase. Such a time period is a function of the rate of prograde heating, the duration of peak metamorphism and the rate of retrograde cooling. Although heating may be rapid, depending on the mechanism of heat transfer, cooling will always occur through conduction, a relatively slow process in both metamorphic and plutonic rocks. For such a T-t path, homogenisation times calculated using Sr-diffusion coefficients suggest that the preservation of isotopic disequilibrium between melt (leucosome) and restite in a migmatite is unlikely. In one example of a high-grade migmatite from the western Himalayas, the isotopic signatures of the leucosome, mesosome and melanosome reflect isotopic homogenisation over a scale of centimetres at ~19 Ma, the time of melting. Interestingly whole-rock Rb-Sr systematics for high-grade migmatite samples that are separated by kilometre-scale distances define a ~500 Ma errorchron placing an upper constraint on the lengthscale of isotopic re-equilibration during the Miocene high-grade event.
In contrast to migmatites, intrusive granites are more likely to preserve isotopic disequilibrium.since after extraction from their source region, they are unable to equilibrate further with restite phases. For such melts the period during which isotopes exchange (the equilibration period) is the sum of two components; the time the rock experienced prograde metamorphism above the closure temperature for diffusive exchange between protolith phases, and the time the melt resided at its source prior to extraction. Evaluation of the available Sr-isotope database from the Miocene Himalayan granites and their metasedimentary protoliths, comprising over 200 analyses, suggests any increase of 87 Sr/ 86 Sr in the melt relative to its source is probably negligible and certainly less than 0.002. Mass balance modelling of melting of typical pelitic assemblages (for which mineral modes, Sr distribution between mica and feldspar and meltreaction stoichiometry are well-constrained) predicts that isotopic exchange between plagioclase and mica in the protolith and plagioclase and melt prior to extraction must have occurred over a period in excess of 200-300 ka. In other words at least 200 ka elapsed between the time the temperature of the protolith exceeded ~600_C and the time at which the anatectic melt was extracted. For such an actively deforming terrain melt extraction rates are likley to be fast through a combination of shear-enhanced compaction and/or vein network flow. Indeed quantitative modelling of trace-element disequilibrium within anatectic leucogranites suggests melt extraction occurred over a period <10-100 ka. Consequently this conclusion is consistent with heating from internal heat production in thickened crust rather than more rapid processes such as frictional heating on thrusts or thermal advection.
For most orogens the rate of heating will be sluggish compared to the rate of Sr-isotope exchange between feldspar and mica which implies that isotopic equilibrium will generally be established during prograde metamorphism. At temperatures appropriate to anatexis the rate of prograde metamorphism must be rapid and the melt residence time short in order to preserve disequilibrium between protolith phases at the time of melt extraction. Modelling of Srisotope disequilibrium will prove to be of particular value in determining prograde metamorphic rates where temperature increases are unusually fast, such as in the thermal aureole of a basic intrusion or in the high-strain zone of a major fault system, and the resulting melts are then extracted rapidly.
